In this work we further develop a model to predict hydrogen-assisted fatigue crack growth in steel pipelines and pressure vessels. This model is implemented by finite element code, which uses an elastic-plastic constitutive model in conjunction with a hydrogen diffusion model to predict the deformation and concentration of hydrogen around a fatigue crack tip. The hydrogen concentration around the crack tip is used to inform our fatigue crack growth model and account for the effect of hydrogen embrittlement. We first use our model to predict the fatigue crack growth of X100 pipeline steel at different levels of applied hydrogen pressure. The simulated results are within a factor of ± 2 of the experimental X100 results.
INTRODUCTION
Hydrogen is expected to play a key role in transitioning the United States' energy and transportation sectors away from fossil fuels towards a more sustainable and climate-friendly alternative. While not an energy source, per se, hydrogen is seen as an energy carrier. In which case, hydrogen is used in conjunction with a catalyst to produce energy. Hydrogen may also be used to store energy from green energy-producing alternatives such as solar, wind, wave, and so on that produce energy regardless of demand. In order for hydrogen to see widespread use as an energy carrier, hydrogen must be safely and efficiently transported from the source to the location of end-use.
Hydrogen fuel cell vehicles are currently being manufactured and sold by Toyota, Hyundai, and Honda. Mercedes-Benz, Lexus, and Nissan have concept and evaluation vehicles currently in testing [1] . Unfortunately, there are currently only 29 hydrogen fueling stations in the United States [2] . The vast majority of those are in Northern and Southern California. The infrastructure required to transport hydrogen across the United States efficiently does not currently exist. Steel pipeline is thought to be the best method to transport hydrogen long-distances. While the United States currently has on the order of 305,000 miles of natural gas pipeline [3] there is currently only approximately 700 miles to 1500 miles of hydrogen-dedicated pipeline for hydrogen delivery [4, 5] . A primary barrier to the use of steel pipeline to transport hydrogen is hydrogen's deleterious effects on steels monotonic and fatigue deformation response [6, 7] . The ASME B31.12 Committee on Hydrogen Piping and Pipelines is supporting the design, engineering, and installation of hydrogendedicated pipeline by creating and updating the B31.12 code based upon current hydrogen-assisted fatigue crack growth (HA-FCG) data collected at laboratories, such as the National Institute of Standards and Technology (NIST) and Sandia National Laboratories (SNL) [8] [9] [10] The data collected has been used to inform a phenomenological HA-FCG model for pipeline steels that predicts cycles to failure for known operating conditions. The model was based initially upon closed-form solutions for the crack-tip deformation response, the hydrogen diffusion within the material, and the coupling of the two [11, 12] . This work details the implementation of these key aspects of the HA-FCG model into the finite element code ABAQUS
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. The results from the combination of deformation and hydrogen diffusion in ABAQUS are then coupled with the phenomenological HA-FCG model to predict the crack-growth response of X100 compact tension (CT) specimens tested in 1.72 MPa, 6.89 MPa, and 20.68 MPa gaseous hydrogen (250 psi, 1000 psi, and 3000 psi gaseous hydrogen).
Hydrogen-Assisted Fatigue Crack Growth Model
The existing phenomenological HA-FCG model, calibrated to X100 pipeline steel, is detailed in [11, 12] . The form of the model is as follows:
where, a is the crack length, N is the number of cycles, and P is the hydrogen pressure. From left to right, the total fatigue crack growth is calculated as a summation of the fatigue crack growth resulting from fatigue only and the hydrogen-assisted fatigue crack growth. The HA-FCG term has the form:
where the overall contribution of HA-FCG is modeled as a competition between a hydrogen-pressure-dominated component,
H
, and a component dominated by hydrogen-assistance from the crack-extension driving force ,
∆
. This competition is a result of two independent damage mechanisms. When the crack extension per cycle is on the order of the fatigue process zone (FPZ) size, the crack growth rate is dominated by the accumulated damage of the FPZ and the increased hydrogen concentration within the FPZ. However, when the crack extension per cycle extends far beyond the FPZ, PH, the crack growth rate is dominated less by the effects within the FPZ and more by the far-field crack driving force, ΔK. The hydrogen-pressure-dominated FCG term is defined as
and is referred to as transient HA-FCG, where ∆K is the stress intensity range, Q is the activation energy for hydrogen diffusion; V is the partial molar volume of hydrogen in the metal; R is the universal gas constant; T the absolute temperature; h is the hydrostatic stress at a critical distance in front of the crack tip; PH is the ambient hydrogen pressure; and a1, B1, m1, and d1 are fitting parameters. The component dominated by hydrogen-assistance from the crackextension driving force is defined as
and is referred to as the steady-state HA-FCG, where a2, B2, m2, and d2 are fitting parameters. Explicit details of the model justification, constants, parameters, calibration, etc. may be found in [11] . One will note that Eqs. 3 and 4 employ closed-form solutions for the stress-free hydrogen concentration within the material, H , the stress field at a crack tip, h , and the stress-assisted hydrogen concentration near the crack tip, H ( − h ) .
ABAQUS Implementation
Ultimately, the HA-FCG model defined above is to be implemented in a physics-based format that predicts the FCG, based upon microstructure-specific material responses, such as hydrogen diffusivity, hydrogen-dislocation interactions, microstructure-specific deformation, etc. A first step towards this aim is to determine the stress-free and stress-assisted hydrogen concentration within the material, both near the crack tip and far field, by use of the finite element code ABAQUS. For this purpose, Eq. 3 is then replaced by
where CL is the spatial-and time-dependent lattice hydrogen concentration determined from ABAQUS (defined in EQ. 10 below). Equation 4 is also replaced with = ( L ) , EQ. 6
and a2, B2, m2, and d2 are fitting parameters [12] . The finite-element implementation to determine CL requires an understanding of the elastic-plastic deformation response of the material. This modeling effort employs the Ramberg-Osgood (RO) elastic-plastic constitutive model
where ε is the total strain, σ is the total stress, ε0 and σ0 are the strain and stress at yielding, respectively, and α and n are constants. The Ramberg-Osgood deformation model is implemented in ABAQUS with the existing cyclic plasticity model incorporating linear kinematic hardening. Hydrogen transport is modeled in ABAQUS by use of a new user-defined subroutine, H-diff, which is built upon the structure of the existing ABAQUS subroutine UMATHT. The subroutine H-diff explicitly calculates the hydrogen concentration, CL, the plastic-hardening curve, and the hydrostatic stress by use of EQ. 7 at the integration points as a function of time. The hydrogen concentration is calculated via the hydrogen transport equation of [13] and modified by [14] 
The variables in Eq. 8 are as follows: D is the hydrogen diffusion coefficient, Deff is the effective diffusion coefficient, CL is the hydrogen concentration in the normal interstitial lattice site (NILS), VH is the partial molar volume of hydrogen, R is the universal gas constant, T is the absolute temperature, h is the hydrostatic stress, η is the number of trapping sites per trap type j, θT is the trap site occupancy for a given trap site j, NT is the trap-site density for a given trap site j, ε p is the equivalent plastic strain and the is the mathematical vector differential operator. Equation 8 is an extension of Fick's law that incorporates the influence of both hydrostatic stress and plastic strain on hydrogen transport. While Eq. 8 may be used for three types of traps, i.e. carbides, grain boundaries and dislocations, this model implementation is only concerned with the so-called weak traps. In this case, Eq. 8 is used to model hydrogen diffusion resulting only from NILS and dislocations. Oriani's theory [15] provides the relationship between the trap-site occupancies, T , and the lattice-site occupancies, , as 
HA-FCG Calibration to an API-5L X100 Pipeline Steel
An API-5L X100 pipeline steel has been characterized at NIST and was used as the model material for the original HA-FCG implementation [11] . HA-FCG tests were conducted on compact tension specimens in the transverse-longitudinal (TL) orientation at a load ratio of R=0.5 (were R=Kmin/Kmax in this case) in various hydrogen pressures. The material's chemical composition is provided in Table 1 . The material's microstructure is shown in Fig. 1a The monotonic test results for this material, Ramberg-Osgood fit parameters, as a function of air and varying hydrogen pressures, along with its HA-FCG response are detailed in [11, 12] and provided here for completeness. Full experimental details for collection of the data in Table 2 and Figure 1b are provided in [11, 17] . One will note from Table 2 that for a given orientation with respect to the rolling direction (longitudinal or transverse), the X100 tested has relatively stable yielding and post-yielding response as a function of environment, as indicated by the R-O parameters. Perhaps not surprising given the microstructural texture shown in Fig. 1a , the material exhibits noticeable orientation anisotropy in both Figure 1b depicts the FCG results of the X100 in both air and high-pressure hydrogen. Figure 1b indicates that the X100 material tested is susceptible to changes in hydrogen pressure, with increased FCG rates at higher pressures.
To determine the hydrogen lattice concentration, CL, a one-half symmetry CT specimen was modeled in ABAQUS and is shown in Fig. 2a . The symmetry plane was created along the presumed crack path at the geometric center line. Given that the CT specimens were tested in the TL orientation, the X100 material properties from the transverse orientation were used in this study. Specimens having various crack lengths were created. The crack lengths and applied loads were calculated by use of ASTM E647 to ensure resulting ΔK values of 7 MPa-m 0.5 , 9 MPa-m 0.5 , 11 MPa-m 0.5 , 13 MPa-m 0.5 , and 15 MPa-m 0.5 . Simulations were then run at the five ΔK values for air, and hydrogen gas pressures of 1.72 MPa, 6.89 MPa, and 20.68 MPa. The ambient hydrogen pressure was implemented in ABAQUS by way of the calculated chemical potential. The full model parameters required for the hydrogen diffusion study in ABAQUS are taken from [14] and are given in Table 3 . Figure 2b provides the resulting imagery of the lattice hydrogen concentration at a crack tip of a CT specimen experiencing ΔK=15 MPa-m 0.5 in 6.89 MPa gaseous hydrogen. Although no data currently exists to calibrate the lattice hydrogen concentration, the results provided in Fig. 2b are as expected [13] . The predicted fatigue crack growth for the twenty combinations of ΔK and environments of interest were calculated by use of the lattice hydrogen concentrations predicted from ABAQUS in conjunction with Eqs. 5 and 6. The FCG predictions are shown with the experimental data in Fig. 3 . The results depicted in Fig. 3 indicate that the model implementation performs very well at predicting the HA-FCG for a CT-specimen of X100 for varying ΔK and hydrogen pressures with predicted values within a factor of ± 2 of the experimental results. 
CONCLUSIONS
A new ABAQUS user-defined material model for stress-and plastic strainassisted hydrogen diffusion, has been created by use of the existing ABAQUS UMATHT. The new hydrogen diffusion model has been coupled with the elastic-plastic material response to predict predict hydrogen-free deformation, deformation in the presence of hydrogen, and the lattice hydrogen concentration of an API-5L X100 material. Furthermore, the physics-based model, which combines deformation and the hydrogen diffusion, has been coupled with an existing phenomenological HA-FCG model. The modeling results accurately predict HA-FCG within a factor of ± 2. 
